During the process of tumorigenesis, many cancers develop defects in their antiviral responses (25) . This is due to the principle that proliferative signaling pathways and antiviral signaling pathways are often mutually antagonistic (5, 7, 9, 58, 59) . Therefore, the development of enhanced proliferative signaling in cancer cells may lead to the suppression of antiviral pathways, which are also antiproliferative. For example, it has been shown that many cancer cells are resistant to the antiproliferative effects of interferons (IFNs) due to defects in the IFN signal transduction pathway of these tumors (25, 68) . This resistance of cancer cells to the effects of IFN makes these cells correspondingly more susceptible to infection with a variety of viruses, including vesicular stomatitis virus (VSV) (1, 5, 7, 58) .
VSV is a well-studied prototype for the large group of negative-strand RNA viruses. It is one of the most rapidly cytocidal viruses due to the potent induction of apoptosis in infected cells. The susceptibility or resistance of different tissues to VSV is determined by a variety of factors. For example, it has been shown that defective control of translation is a feature of tumorigenesis that can facilitate VSV replication (4) . Susceptibility to VSV is also regulated by the ability to mount an IFN response (46, 49) , allowing VSV to selectively infect cancer cells with defects in their IFN responses but not normal cells with intact IFN responses. The selectivity of VSV for such cancers can be enhanced by mutating viral proteins that suppress host IFN responses (1, 59) or by incorporating genes that enhance antiviral responses such as interleukin-4 or IFN (27, 51) .
The oncolytic potential of VSV against a variety of cancers has been established (1, 5, 7, 22, 23, 35, 45, 58, 59, 67) . Recent research in this area has focused on identifying mechanisms to enhance this oncolytic potential or to enhance the selectivity of these viruses for cancer cells as opposed to normal cells (1, 17, 24, 51, 56, 59) . One such strategy involves the use of matrix (M) protein mutants of VSV to enhance tumor selectivity. This strategy is based on work from our laboratory and others showing that the M protein is the major viral suppressor of host gene expression (46) . M protein mutant viruses that are defective in their ability to inhibit host gene expression induce the expression of IFNs and other antiviral gene products, while viruses containing wild-type (WT) M protein suppress host antiviral responses (1, 59) . As a result, viruses with WT M protein can infect susceptible normal tissues, such as the central nervous system, as well as susceptible cancers, while M protein mutant viruses can infect susceptible cancers but not normal tissues such as the central nervous system (1, 59) . In in vivo models of cancer, M protein mutant virus is as effective as virus with WT M protein at eliminating tumors with defective interferon responses, while neither virus is effective at eliminating tumors with intact interferon responses (1) .
An important aspect of these endeavors is to understand the mechanism by which VSV mutants induce oncolysis. We have previously demonstrated that M protein mutant VSV induces apoptosis via a pathway that is distinct from that activated by WT VSV (29) . In particular, M protein mutant VSV primarily activates the upstream caspase, caspase-8 (29) , while viruses with WT M protein primarily activate caspase-9 (8, 41) . Furthermore, apoptosis induced by M protein mutant viruses involves the induction of new host gene expression, while apoptosis induced by viruses with WT M protein is due to the inhibition of host gene expression (29, 41) . The purpose of the work presented here was to determine the mechanism of cell death induced by an M protein mutant VSV that is a promising candidate for oncolytic virus therapy. Since a major component of host antiviral responses is the induction of apoptosis requiring the upregulation of proapoptotic genes and their products, we hypothesize that apoptosis induced by VSV M protein mutants is due to the induction of host antiviral responses. If so, the induction of apoptosis should involve a program of proapoptotic gene expression and should be activated through known mediators of apoptosis in response to virus infection, such as Fas/CD95 and the antiviral protein kinase PKR (6, 8, 16, 28, 50, 60) . Here, we show that M protein mutant VSV induces the expression of a program of proapoptotic genes, while these genes are suppressed during infection with WT VSV. Furthermore, we show that apoptosis induced by M protein mutant VSV was inhibited by the expression of dominant-negative mutants of Fas and PKR. While most previous research has focused on the cytoplasmic adapter protein FADD as a necessary transducer of Fas-mediated signaling, our data show that an alternative adapter protein, Daxx, is more important than FADD for the induction of apoptosis by rM51R-M virus. While Daxx has previously been implicated in antiviral responses to some DNA viruses and retroviruses (13, 33, 34, 62, 74) , this is the first description of a requirement for Daxx in virus-induced apoptosis. These data provide important new insights into the induction of apoptosis by viruses as well as further elucidate the mechanism of cytolysis induced by a promising agent for oncolytic viral therapy.
MATERIALS AND METHODS
Viruses, plasmids, and cells. L929 mouse fibroblasts were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 7% fetal bovine serum. The recombinant viruses rWT and rM51R-M were obtained from cDNA clones and grown as previously described (42) . Virus titers were determined by plaque assay on BHK cells. Experiments shown were conducted under single-cycle growth conditions in which L929 cells were infected at a multiplicity of infection of 20 PFU per cell to ensure synchronous infection. Similar results were obtained under multiple-cycle growth conditions (multiplicity of infection of 0.1 PFU per cell), although the induction of apoptosis was slower than that under single-cycle virus growth (data not shown).
The dominant-negative Fas (⌬Fas) was generated from L929 cell RNA using reverse transcription-PCR (RT-PCR). The primers used were sense primer 5Ј-GCGAATTCATGCTGTGGATCTGG, containing a 5Ј EcoRI site, and antisense primer 5Ј-GCCTCGAGCTACTCAGCTGTGTCTTGGATGC, containing a 5Ј XhoI site (72) . The RT-PCR product was cut with EcoRI and XhoI and ligated into plasmid pcDNA3.1-Puro(ϩ) containing a puromycin resistance gene (a gift of Andrew Thorburn, University of Colorado Health Sciences Center). Stable L929-⌬Fas cells were generated by transfecting L929 cells with plasmid pcDNA3.1-puro(ϩ)-⌬Fas as previously described (41) . Simultaneously, L929-empty vector (EV) cells were generated by transfecting L929 cells with plasmid pcDNA3.1-puro(ϩ). Stably transfected cells were selected in DMEM supplemented with 10% fetal bovine serum and 1 g/ml puromycin.
Plasmid pEYFP-⌬FADD was a gift from Andrew Thorburn. The ⌬FADD gene was digested from plasmid pEYFP using XhoI and ApaI and ligated into plasmid pcDNA3.1-Puro(ϩ). Stable L929-⌬FADD cells were generated by transfecting L929 cells with the pcDNA3.1-puro(ϩ)-⌬FADD plasmid as described above.
Dominant-negative Daxx (⌬Daxx) was generated from L929 cell RNA using RT-PCR. The primers used were sense primer 5Ј-GCGAATTCGAAATGAGC AAGAGATTT CGG, containing a 5Ј EcoRI site, and antisense primer 5Ј-GC CTCGAGCTAATCAGAGTCTG AAAGCACG, containing a 5Ј XhoI site (54) . The RT-PCR product was cut with EcoRI and XhoI and ligated into plasmid pcDNA3.1-puro(ϩ). Stable L929-⌬Daxx cells were generated by transfecting L929 cells with plasmid pcDNA3.1-puro(ϩ)-⌬Daxx as described above.
Plasmid pETFVA Ϫ -PKR K296P expressing dominant-negative PKR was obtained from Randall Kaufman. Dominant-negative PKR contains the lysine-toproline substitution at position 296 (K296P), rendering the dominant-negative PKR molecule defective in its kinase activity but fully functional in its ability to bind double-stranded RNA (dsRNA) (69) . The dominant-negative PKR gene was digested from plasmid pETFVA Ϫ with KpnI and BamHI and ligated into plasmid pcDNA3.1-puro(ϩ). Stable L929-⌬PKR cells were generated by transfecting L929 cells with pcDNA3.1-puro(ϩ)-⌬PKR as described above.
Microarrays. L929 cells were mock infected or infected with either rWT or rM51R-M virus. At 16 h postinfection, total RNA was isolated using TRIzol reagent (Invitrogen). Fifteen micrograms of each RNA sample was processed according to the manufacturer's protocol (Affymetrix) and hybridized to the Affymetrix MOE 430A gene chip. The MOE 430A chip provides coverage of more than 14,000 characterized mouse genes. Each chip was scaled to a target intensity of 5,000, normalized to the 100 control probe sets present on each chip, and then expressed as a ratio to mock-infected samples or the nonspecific background on a per-gene basis. Analysis of microarray data was carried out using Affymetrix Data Mining Tool software (Affymetrix).
Western blot analysis. L929 cells were grown to about 75% confluence in 6-well dishes and were infected with recombinant viruses. At the indicated times postinfection, cells were solubilized in radioimmunoprecipitation assay buffer containing 1 mM phenylmethylsulfonyl fluoride, 1 mM aprotinin, 1 mM pepstatin, 100 nM okadaic acid, and 100 nM microcystin. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10% polyacrylamide gels. Following electrophoresis, gels were electroblotted onto polyvinylidene difluoride and blocked in Tris-buffered saline (pH 7.5) containing 5% bovine serum albumin. Immunoblots were then probed with antibodies against Fas or Daxx (Santa Cruz) or promyelocytic leukemia (PML) protein (Upstate). Protein band intensities were quantitated by scanning and analysis with Quantity One software (Bio-Rad).
Flow cytometry. All flow cytometry experiments were carried out using a FACSCaliber instrument (BD Biosciences). Apoptosis induction was measured by incubating cells with annexin V (BD Pharmingen) and 7-amino actinomycin D (7-AAD; BD Pharmingen) at room temperature for 15 min and acquiring samples immediately. Fas surface expression was measured by incubating cells with phycoerythrin (PE)-conjugated anti-Fas antibodies (Cell Signaling) for 30 min on ice. Background fluorescence was detected in these experiments with a PEconjugated mouse immunoglobulin G2a isotype control antibody (Cell Signaling). Active caspase-3 was detected by staining cells intracellularly with PEconjugated anti-active caspase-3 antibodies using a CytoFix/CytoPerm kit according to the manufacturer's instructions (BD Pharmingen). PKR activation was measured by staining cells intracellularly with primary antibodies that recognize phospho-PKR (Thr446; Cell Signaling). Jun N-terminal kinase (JNK) activation was measured by staining cells intracellularly with primary antibodies that recognize total JNK (Cell Signaling) and phospho-JNK (Thr183 and Tyr185; Cell Signaling) and secondary anti-rabbit antibodies conjugated to Alexa-488 (Invitrogen). Data were analyzed using CellQuest Pro software (BD Immunocytometry Systems).
Inhibition of FasL, PKR, and JNK activities. To inhibit FasL signaling, 30 g/ml of FasL neutralizing antibody (Nok1; BD Pharmingen) (38) was added to cells at the time of infection with rM51R-M virus. As a positive control for the activity of Nok1 antibody, 10 g/ml of recombinant FasL (rFasL; Calbiochem) and 30 g/ml of Nok1 were preincubated in DMEM at 37°C for 1 h before addition to cells in the presence of cycloheximide to enhance Fas signaling as described previously (73) . Where indicated, cells were pretreated for 30 min with 20 mM 2-aminopurine (Sigma) to inhibit PKR activity or 25 M SP600125 (Calbiochem) to inhibit JNK activity.
Time-lapse microscopy. Cells were grown to about 50% confluence in 6-well dishes and infected with recombinant viruses. Infected cells were incubated for 30 min at room temperature while rocking to allow the attachment of virus to cells. Cells were then transferred to an environmental chamber attached to a Zeiss Axiovert S200 microscope. Time-lapse microscopy was also used to quantitate the rate of apoptosis induced by tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) (50 ng/ml; R&D Systems). Images were captured at 15-min intervals using a Hamamatsu charge-coupled-device camera run by Openlab software (Improvision) and were saved in QuickTime movie format. Cells were monitored for 48 h to detect cells entering apoptosis, as determined by the appearance of membrane blebbing.
Caspase-8 activity assays. L929 cells were grown to about 50% confluence in 24-well dishes. Cells were infected with the recombinant viruses or treated with TRAIL as indicated in the figure legends. Each experiment was performed in duplicate. Caspase activity was determined with a fluorogenic substrate for caspase-8 (IETD-AFC; R&D Systems) according to the protocol provided by the manufacturer. Each sample was incubated for 2 h with the peptide substrate, and fluorescence intensities were measured at excitation and emission wavelengths of 400 nm and 505 nm, respectively, using a Safire II fluorescent microplate reader (Tecan). Bradford assays (Bio-Rad) were conducted to measure total protein concentrations.
Indirect immunofluorescence. Cells to be stained for immunofluorescence were grown on coverslips. Indirect immunofluorescence assays were conducted as previously described (52) . Briefly, monolayers were fixed with 4% paraformaldehyde for 10 min at room temperature and then permeabilized with 0.2% Triton X-100 for 5 min at room temperature and washed three times with
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Tris-buffered saline plus 5 mg/ml bovine serum albumin, 1 mg/ml glycine, and 0.05% Tween-20 (TBS-BGT). Primary antibodies were incubated with the cells for 1 h at room temperature in TBS-BGT and then washed four times with TBS-BGT. Secondary antibodies were incubated with the cells for 30 min at room temperature in TBS-BGT, and cells were washed four times with TBS-BGT. Nuclear DNA was stained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI). Coverslips were mounted onto glass slides using Aqua-Mount (Lerner Laboratories). In all cases, control experiments showed no cross-reactions between the fluorophores, and images obtained by staining with individual antibodies were the same as those obtained by double labeling. Images were acquired as 8-bit TIFF files with a Nikon Eclipse TE300 inverted microscope equipped with a monochrome Retiga EX 1350 digital camera (QImaging Corp.), a 60ϫ 1.4-numerical-aperture oil immersion objective, and a 1.4-numerical-aperture differential interference contrast oil immersion condenser lens. Micrographs were generated from the TIFF images using Photoshop 7.0 (Adobe Systems Inc.) to adjust brightness and contrast in a uniform manner. Antibodies used were rabbit anti-Daxx (Santa Cruz), mouse anti-PML (Upstate), anti-rabbit Alexa-568 (Invitrogen), and anti-mouse Alexa-488 (Invitrogen). Statistical analysis. A paired Student's t test was used to compare significances of individual time points. A P value of Ͻ0.05 was considered to be statistically significant.
RESULTS
VSV infection affects the expression of genes in each major apoptotic pathway. The induction of apoptosis by M protein mutant VSV is dependent largely on the activation of the upstream caspase, caspase-8, and involves new host gene expression (29) . In contrast, apoptosis induced by viruses with WT M protein is dependent primarily on the activation of caspase-9 and involves the inhibition of host gene expression by WT M protein (41) . The host genes involved in the differential induction of apoptosis by virus with WT versus mutant M protein were determined by oligonucleotide microarray analysis. L929 murine fibrosarcoma cells were mock infected, infected with a recombinant wild-type VSV (rWT virus) expressing wild-type M protein, or infected with a recombinant VSV expressing the mutant M51R-M protein (rM51R-M virus). These two viruses are isogenic, with the exception of the M51R mutation in the M protein of rM51R-M virus, which renders this virus defective in its ability to inhibit host gene expression (2, 11) . The expression of mRNAs for over 14,000 characterized genes was analyzed at 16 h postinfection, a time near the onset of the major apoptotic morphological changes in cells infected with rM51R-M virus (29) and when maximal expression of proapoptotic genes occurs (our unpublished data). Genes included in Fig. 1 were genes involved in the regulation of apoptosis whose signal level was significantly above the level seen with nonspecific control oligonucleotides in at least one of the experimental samples (mock-, rWT-, or rM51R-M virus-infected cells). Data shown in Fig. 1 are expressed as a ratio of the signal level in mock-infected cells, with gray indicating signals that were not significantly above nonspecific levels detected by the control (mismatched) probe set. Among genes associated primarily with death receptor pathways (Fig. 1A) , a large number were expressed at higher levels in rM51R-M virus-infected cells than in mock-infected cells, although some, such as FADD and TNF receptor mRNAs, were expressed at lower levels. The most striking result was that the expression of most of these genes was suppressed below the level of detection by infection with rWT virus.
In addition to genes associated with the death receptor pathway, the expression of a number of genes associated primarily with the mitochondrial pathway (Fig. 1B) and the endoplasmic reticulum stress pathway (Fig. 1C) were induced by infection with rM51R-M virus, consistent with the observation that these pathways are also activated in infected cells, although neither of these pathways plays as large a role as the caspase-8/death receptor pathway (29) . Overall, these results indicate that in- fection with rM51R-M virus induces a program of gene expression that is primarily proapoptotic and that this program of gene expression is largely suppressed by infection with rWT virus.
Many of the genes that were most strongly induced during rM51R-M virus infection were genes that have been shown to play a role in the Fas death receptor pathway, although mRNA for Fas itself was not detected significantly above nonspecific hybridization in any of the samples. For experiments that follow, it is important that while mRNA expression for the adaptor protein FADD decreased during rM51R-M virus infection (Fig. 1A) , the expression of mRNA for Daxx, another adaptor protein that has been implicated in Fas-mediated apoptosis (12, 71), increased almost 10-fold during rM51R-M virus in- Signaling through PKR and the Fas death receptor is required for rM51R-M virus-induced apoptosis. Fas-mediated signaling has been implicated in apoptosis in response to infection by a variety of viruses (10) . While Fas gene expression was not detected in the microarray analysis, Fas protein was readily detected via Western blot analysis ( Fig. 2A and B) . Fas protein expression decreased approximately 50% from the level in mock-infected cells by 16 h postinfection with rWT virus, while Fas expression was maintained in rM51R-M virusinfected cells at levels equivalent to those of mock-infected cells.
Activation of Fas signaling is often accompanied by the translocation of Fas to the cell surface from intracellular stores (3). Surface expression of Fas protein was analyzed by immunofluorescent labeling and flow cytometry ( Fig. 2C and D) . L929 cells were mock infected, infected with rWT virus or rM51R-M virus, or treated with the chemotherapeutic agent etoposide as a positive control (66) . Fas-specific labeling was detected on mock-infected cells at levels slightly above labeling by the nonspecific isotype control antibody, and infection with rWT virus induced only a slight increase in Fas-specific labeling. On the other hand, rM51R-M virus infection increased Fas expression on the surface of L929 cells to levels as high or higher than those on cells treated with etoposide ( Fig. 2C and  D) . Combined with the Western blot data indicating that total Fas protein remained constant in rM51R-M virus-infected cells, the increased surface labeling indicates that Fas is transported to the cell surface from intracellular stores.
Although Fas surface expression increased in response to infection with rM51R-M virus, treatment with an antagonist Fas ligand (FasL) antibody (Nok1) to block the interaction between Fas and FasL did not inhibit rM51R-M virus-induced apoptosis (Fig. 2E) . As a positive control for antibody activity, Nok1 antibody successfully inhibited apoptosis induced by treating cells with recombinant FasL in the presence of cycloheximide (Fig. 2E) . Taken together, these data suggest that rM51R-M virus infection activates the Fas apoptotic pathway independent of FasL.
Several studies have indicated that the interferon-inducible dsRNA-dependent protein kinase (PKR) is involved in activating Fas-and FADD-dependent apoptosis independent of FasL. This has been observed in response to a variety of stresses, including virus infection (6, 8, 19, 20, 60) . To determine whether Fas signaling and PKR signaling are involved in rM51R-M virus-induced apoptosis, L929 cells that stably express a dominant-negative Fas mutant (L929-⌬Fas) and a dominant-negative PKR (L929-⌬PKR) were generated. ⌬Fas consists of the entire extracellular and transmembrane domains of the Fas death receptor but is truncated within the intracellular death domain, thus inhibiting interactions with adaptor proteins necessary for apoptotic signaling (72) . ⌬PKR contains a single point mutation converting a lysine to a proline at position 296 (K296P). This dominant-negative mutant is fully capable of binding dsRNA but is deficient in its kinase activity (69) . L929-⌬Fas, L929-⌬PKR, and L929 cells stably expressing an empty vector (L929-EV) were infected with rWT virus or rM51R-M virus. Cells entering apoptosis were quantitated using time-lapse microscopy and are shown in Fig. 3A and B as a function of time postinfection. The onset of membrane blebbing, an early morphological indicator of apoptosis, was used as the criterion to measure entry into apoptosis as previously described (29, 42) .
As expected, both rWT and rM51R-M viruses induced apoptosis in L929-EV cells, with rM51R-M virus-infected cells entering apoptosis more rapidly than rWT virus-infected cells. While the expression of ⌬Fas dramatically inhibited apoptosis induced by rM51R-M virus (Fig. 3A) , apoptosis induced by rWT virus was not affected by ⌬Fas expression (Fig. 3B) . This result serves as a control for the specificity of inhibition by ⌬Fas, since rWT virus-induced apoptosis is not affected by the inhibition of the caspase-8/death receptor pathway (29) . In contrast, the expression of ⌬PKR inhibited apoptosis induction by both viruses (Fig. 3A and B) . These data suggest that Fas and PKR play integral roles in apoptosis induced by rM51R-M virus, while apoptosis induced by rWT virus involves PKR but not Fas.
To confirm the results obtained by time-lapse microscopy, the activation of the initiator caspase, caspase-8, and the effector caspase, caspase-3, was analyzed at various times postinfection in L929-EV, L929-⌬Fas, and L929-⌬PKR cells ( Fig. 3C  and D) . Caspase-8 activity was measured using a fluorogenic substrate (IETD-AFC). Because this substrate has the potential to be cleaved by other caspases, the activities measured by this substrate are referred to as caspase-8-like activities. Caspase-3 activity was analyzed via flow cytometry utilizing an antibody specific for the active form of caspase-3. Cells were mock infected or infected with rM51R-M virus. For caspase-8 assays, cell lysates were analyzed at 4 h, 8 h, and 12 h postinfection. Caspase-3 activation was determined at 16 h and 24 h postinfection since the activation of caspase-3 occurs over a longer time course than does the activation of caspase-8 (29) .
The maximum level of caspase-8-like activity was observed in L929-EV cells at 8 h postinfection with rM51R-M virus. In contrast, caspase-8-like activity in L929-⌬Fas and L929-⌬PKR cells remained at background levels throughout this time course, confirming that ⌬Fas and ⌬PKR act upstream of caspase-8 to inhibit apoptosis induction (Fig. 3C ). Similarly, the maximum level of active caspase-3 was detected at 24 h postinfection with rM51R-M virus in L929-EV cells, while rM51R-M virus failed to activate caspase-3 above control levels in L929-⌬Fas and L929-⌬PKR cells (Fig. 3D) . rWT virus failed to activate caspase-8 or caspase-3 during this time course in any of these cell lines (not shown), as expected based on previously reported data (29) . These data indicate that dominant-negative mutants of PKR and the Fas death receptor inhibit the induction of apoptosis by rM51R-M virus. As controls for the effectiveness of the dominant-negative mutants, the activation of PKR by phosphorylation at threonine 446 was assayed by flow cytometry using a phosphospecific antibody (Fig. 3E) . Levels of phospho-PKR increased as a function of time postinfection with rM51R-M virus in untransfected L929 and L929-EV cells. In contrast, there was no increase in phospho-PKR following infection of L929-⌬Fas or L929-⌬PKR cells, confirming the inhibition of signaling through this pathway.
To further test whether PKR plays a role in rM51R-M virus- (Fig. 1A) suggested that Daxx may play an important role in rM51R-M virus-induced apoptosis. Research from many laboratories has focused on FADD as a necessary transducer of Fas-mediated apoptosis (18, 63) . In contrast, the role of Daxx in Fas-mediated apoptosis remains controversial (39, 47) . To analyze the potential role of Daxx in VSV-induced apoptosis, we initially attempted to knock down Daxx expression using small interfering RNA. However, we were unable to detect changes in Daxx expression using any of several small interfering RNAs tested (data not shown). Therefore, to com- pare the roles of Daxx and FADD in VSV-induced apoptosis, we generated L929 cells that stably express dominant-negative mutants of these proteins, L929-⌬Daxx and L929-⌬FADD, respectively. ⌬FADD is a truncation mutant that consists solely of the FADD death domain. This mutant is capable of binding the death domain of Fas but is unable to recruit and activate caspase-8 (48) . ⌬Daxx is a truncation mutant composed of the C-terminal 114 amino acids that bind to the Fas death domain. Like ⌬FADD, this mutant is able to bind the Fas death domain but is unable to recruit downstream effector molecules to initiate a proapoptotic cascade (54, 71) .
L929-⌬FADD or L929-⌬Daxx cells were infected with rWT virus or rM51R-M virus, and cells entering apoptosis were quantitated using time-lapse microscopy (Fig. 4A) . Both rWT and rM51R-M viruses induced apoptosis in L929-⌬FADD cells at rates similar to those for L929-EV cells (shown in Fig.  3A and B) , suggesting that FADD has little if any role in rM51R-M or rWT virus-induced apoptosis (Fig. 4A ). In contrast to ⌬FADD, the expression of ⌬Daxx almost completely abolished apoptosis induced by rM51R-M virus, while the rate of apoptosis induced by rWT virus in L929-⌬Daxx cells was almost indistinguishable from that seen in L929-⌬FADD cells (Fig. 4A) . These data suggest that, unlike FADD, Daxx plays a prominent role in Fas-mediated apoptosis in response to infection with rM51R-M virus but not rWT virus.
In order to interpret the inability of ⌬FADD to inhibit the induction of apoptosis, it was important to have a positive control for the effects of ⌬FADD. L929-EV and L929-⌬FADD cells were treated with TRAIL, which is known to induce apoptosis through FADD-dependent signaling. Treatment with TRAIL induced apoptosis in L929-EV cells, but TRAILinduced apoptosis was completely inhibited in cells expressing ⌬FADD (Fig. 4B) , verifying that ⌬FADD exhibits dominantnegative activity.
To confirm the rate of apoptosis determined by time-lapse microscopy, caspase-8-like activity and levels of active caspase-3 were analyzed as a function of time in L929-⌬FADD and L929-⌬Daxx cells (Fig. 4C and D) . The maximum level of caspase-8-like activity was observed in L929-⌬FADD cells at 8 h postinfection with rM51R-M virus, similar to the results with L929-EV cells (Fig. 3C) . However, caspase-8-like activity in L929-⌬Daxx remained at background levels throughout this time course (Fig.  4C) . Similarly, high levels of active caspase-3 were detected at 24 h postinfection with rM51R-M virus in L929-⌬FADD cells, while rM51R-M virus failed to activate caspase-3 in L929-⌬Daxx cells (Fig. 4D) . These data further support the idea that Fasmediated activation of caspases in response to rM51R-M virus infection is dependent on Daxx signaling but not FADD signaling.
The results of the microarray analysis ( Fig. 1) indicated that Daxx mRNA expression is upregulated in response to rM51R-M virus infection. To determine the levels of Daxx protein expression, Western blot analysis was carried out using mock-and VSVinfected L929 cells. As seen in Fig. 4E and F, Daxx protein expression decreased significantly by 16 h postinfection with rWT virus. However, Daxx protein was maintained at high levels in rM51R-M virus-infected cells, suggesting that the new mRNA expression induced by rM51R-M virus infection serves to replenish Daxx in L929 cells faster than it can be degraded. Taken together, the data presented in Fig. 4 indicate that Daxx is more important than FADD in the induction of apoptosis in response to rM51R-M virus infection. Daxx-mediated apoptosis is dependent on signaling through JNK. Upon binding to the Fas death domain, Daxx has been shown to recruit and activate apoptosis signal-regulating kinase 1 (ASK1), which subsequently activates JNK (14, 71) . Therefore, the activation of JNK was examined to obtain further evidence that Daxx was activated in response to rM51R-M virus infection and to begin to elucidate the mechanism by which Daxx contributes to apoptosis induction. The activation of JNK involves phosphorylation by various upstream protein kinases. Antibodies specific for phosphorylated versus total JNK were used to measure JNK activation using flow cytometry ( Fig. 5A and B) . In untreated cells, JNK was phosphorylated at low levels, corresponding to an approximately 2.5-fold increase in fluorescence above a nonspecific antibody control. Treatment with anisomycin served as the positive control for JNK activation. At 4 h and 8 h posttreatment of L929-EV cells with anisomycin, levels of phosphorylated JNK increased dramatically above levels seen in untreated cells. Following infection with rM51R-M virus, JNK was phosphorylated to levels similar to those seen following treatment with anisomycin (Fig.  5A ). The expression of ⌬Daxx did not prevent the increased phosphorylation of JNK in response to anisomycin treatment. However, ⌬Daxx inhibited the increased phosphorylation of JNK in response to rM51R-M virus infection (Fig. 5A) . Levels of phosphorylated JNK were normalized to the levels of total JNK as determined by flow cytometry with an antibody against total JNK. This ratio is expressed in Fig. 5B as the change (n-fold) above mock-infected cells. Treatment with anisomycin or infection with rM51R-M virus increased JNK activation to levels that were approximately twofold higher than the levels in untreated L929-EV cells. The expression of ⌬Daxx prevented the activation of JNK by rM51R-M virus, confirming that JNK was activated downstream of Daxx in rM51R-M virus-induced apoptosis (Fig. 5B) .
To determine if JNK is involved in Daxx-dependent apoptosis in response to rM51R-M virus infection, apoptosis was measured at 24 h postinfection in the presence or absence of a synthetic JNK inhibitor (SP600125; 25 M). Apoptosis was measured by fluorescent labeling with annexin V and 7-AAD. As shown in Fig. 5B , infection with rM51R-M virus in the absence of the JNK inhibitor resulted in extensive apoptosis. On the other hand, treatment with the JNK inhibitor significantly reduced the percentage of apoptotic cells while significantly increasing the percentage of viable cells (Fig. 5B) . These data further support the idea that JNK plays an important role in rM51R-M virus-induced apoptosis.
Daxx is present in both the nucleus and cytoplasm of rM51R-M virus-infected cells. The role of Daxx in apoptosis, particularly Fas-mediated apoptosis, remains a controversial issue (39, 47) . The originally identified cytoplasmic functions of Daxx, such as acting as an adaptor protein for Fas, have been challenged by reports that Daxx is present exclusively in the nucleus, specifically localized in PML oncogenic domains (PODs), and that Daxx exerts its proapoptotic effects by acting as a transcription regulator (37, 55, 75) . To address the issue of Daxx localization in the case of rM51R-M virus infection, immunofluorescence microscopy was used to determine the localization of Daxx and PML at various times postinfection in L929-EV cells and L929-⌬Daxx cells. Figure 6 (A to L) shows examples of the three different labeling patterns for Daxx and PML observed in these experiments, and Fig. 6M shows the percentage of total cells with each pattern. In a majority of cells, Daxx appeared in a speckled pattern throughout the nucleus and cytoplasm, with the nucleus appearing to be somewhat more brightly labeled than the cytoplasm (Fig. 6C, G , and K). It was determined that nuclear Daxx labeling was approximately four times brighter than cytoplasmic Daxx, suggesting that Daxx was present in much higher quantities in the nucleus than in the cytoplasm (data not shown). The speckled pattern of Daxx labeling in the nucleus colocalized with PML (Fig. 6B , C, and D). A similar pattern of Daxx labeling was observed in both L929-EV and L929-⌬Daxx cells, suggesting that the expression of ⌬Daxx does not interfere with localization to the nucleus or cytoplasm.
Following infection with rM51R-M virus, two distinct changes in PML labeling were observed. First, in many cells, Daxx was maintained in its speckled pattern of labeling throughout the nucleus and cytoplasm, but its localization did not correspond to that of PML (Fig. 6E to H) . Second, the number of cells lacking POD structures increased following infection with rM51R-M virus (Fig. 6I to L shows an example). Similar results were obtained in both L929-EV cells and L929-⌬Daxx cells (Fig. 6M) . The disappearance of PML from infected cells corresponded to a statistically significant decrease in total levels of PML as determined by Western blot analysis (Fig. 6N) . These data provide evidence that the subcellular localization of Daxx is consistent with all of the functions that have been postulated for Daxx in the induction of apoptosis: as a cytoplasmic factor able to interact with the Fas death receptor and as a nuclear factor involved in the regulation of apoptosis-related genes.
DISCUSSION
We have previously demonstrated that apoptosis induced by rM51R-M virus requires new host gene expression and activation of the extrinsic apoptotic pathway (29) . These observations led to the hypothesis that rM51R-M virus-induced apoptosis occurs due to host antiviral responses. Virus-induced (6, 8, 28, 60) . Here, we demonstrate that apoptosis induction by rM51R-M virus involves the Fas death receptor pathway as well as PKR (Fig. 3) . Surprisingly, the expression of a dominant-negative form of FADD did not inhibit rM51R-M virusinduced apoptosis (Fig. 4) . Instead, the activation of apoptosis by rM51R-M virus was more sensitive to the inhibition of Daxx, an alternative Fas adaptor protein (Fig. 4) . These results support the idea that Daxx is more important than FADD for rM51R-M virus-induced apoptosis. While Daxx has previously been implicated in antiviral responses against a variety of viruses (13, 33, 44, 62, 74) , to our knowledge, this is the first report of a requirement for Daxx in virus-induced apoptosis. Furthermore, our work suggests a new pathway for Fas-mediated apoptosis in which Daxx can take the place of FADD in transducing Fas death signals.
Evidence that rM51R-M virus activates the Fas pathway includes the translocation of Fas to the cell surface from intracellular stores (Fig. 2B and C) and the inhibition of apoptosis by the dominant-negative Fas mutant (Fig. 3) . The activation of the Fas death receptor pathway may occur extracellularly via the ligation of Fas by Fas ligand (FasL) or intracellularly due to signaling through other pathways (6, 31, 63) . Our attempts to demonstrate a role for FasL gave largely negative results (Fig. 2E) . This raised the possibility that the Fas pathway was not activated by FasL extracellularly in response to rM51R-M virus infection. Similar activation of Fas without evidence of FasL involvement has been observed in cells responding to other stimuli, such as reactive nitrogen species, UVA irradiation, and ether lipid treatment (30, 57, 76) .
The inhibition of PKR by 2-AP or the expression of ⌬PKR prevented apoptosis induced by rM51R-M virus (Fig. 3) , suggesting that PKR plays an important role in activating the Fas pathway in response to this virus. While previous reports that PKR activates the Fas pathway suggested that this mechanism of apoptosis is FADD dependent, we propose that PKR may also have a role in regulating Daxx signaling. In support of this, PKR has been shown to have a role in the modulation of ASK1, a protein kinase that interacts with Daxx and is important for the activation of JNK during Fas-mediated apoptosis (14, 61) .
Despite nearly a decade of study, the role of Daxx in apoptosis remains a controversial issue. What is clear is that Daxx has multiple functions and that some of these functions lead to apoptosis (32, 39, 40, 47, 54, 65, 71, 75) . Daxx was originally identified as a Fas death domain-binding protein that enhanced Fas-mediated apoptosis by binding ASK1 and activating downstream mitogen-activated protein kinase, specifically JNK (14, 71) . It has also been suggested that Daxx binds transforming growth factor ␤ receptor II and sensitizes cells to transforming growth factor ␤-induced apoptosis (53) . According to these models, Daxx is likely part of the death-inducing signaling complex, allowing a direct interaction with death receptors. Daxx then signals through stress kinases, such as JNK, and unidentified downstream mediators to activate caspases, leading to apoptosis. However, it has been difficult to demonstrate that Daxx is a component of the death-inducing signaling complex, and evidence for functions of Daxx that are independent of Fas raises the possibility of an alternative model. For example, some groups previously reported that Daxx is present exclusively in the nucleus, where it elicits its proapoptotic effect by acting as a transcriptional regulator (32, 37, 65, 75) . Furthermore, it is well documented that Daxx interacts with nuclear bodies or PODs (37, 65) . However, it is not known whether the localization of Daxx to PODs is required for its proapoptotic effect or if PODs serve as storage sites to sequester Daxx away from its targets (43, 75) . We show that Daxx was found in both the nucleus and the cytoplasm and that in uninfected cells, Daxx colocalized with PML in PODs. However, by 16 h postinfection, a significant percentage of PODs were disrupted, as shown by cells with smaller PODs that no longer contained Daxx or by cells that no longer expressed detectable levels of PML (Fig. 6 ). These data suggest that VSV infection may result not only in the disruption of PODs but perhaps also in the degradation of PML. While several DNA viruses have been shown to interact with and even disrupt PODs (21, 26, 36, 70) , such functions have never been reported for VSV. On the other hand, PML has been suggested to contribute to the antiviral response against RNA viruses, including VSV and influenza virus, independent of its localization to PODs (15) . Similarly, our data support a model in which Daxx associated with PODs in uninfected cells may be released to participate in the induction of apoptosis following virus infection.
These results have important implications for oncolytic VSV therapy as well as cancer therapy in general. The data presented here suggest that oncolytic M protein mutants of VSV may be particularly effective against tumors that upregulate Daxx mRNA in response to virus infection. Furthermore, some cancers have been shown to downregulate FADD during the process of tumorigenesis, allowing these tumors to become resistant to the extrinsic apoptotic pathway (64) . Our results demonstrate that rM51R-M virus activates the extrinsic pathway when FADD signaling is inhibited, suggesting that this virus may be particularly useful in treating tumors that have downregulated FADD. In addition, the observation that rM51R-M virus activates the Fas death receptor pathway presents the potential for various mechanisms to enhance cell death induced by this virus. VSV is easily manipulated genetically, offering the possibility of expressing transgenes from the virus genome that may enhance the activation of the Fas pathway. Similarly, this presents the possibility of combinatorial therapies with chemotherapeutic drugs that target the extrinsic pathway or the intrinsic pathway, which would allow the activation of both of the major apoptotic pathways. Finally, these results suggest a novel Fas-mediated apoptotic pathway that utilizes Daxx instead of FADD, presenting a promising new target for rational therapeutic strategies.
